| INTRODUCTION
Advanced glycation end products (AGEs) are destructive compounds that are produced through non-enzymatic reaction of proteins or lipids with sugars. 1 There are 2 major sources of AGEs for humans. The first is exogenous via dietary intake and the second is endogenous formation through various biologic pathways. The exogenous AGEs occur in foods under high-temperature processing and the endogenous AGEs are formed under hyperglycaemic condition in the body during normal metabolism. However, excess levels of these compounds in the tissues and circulation may involve in many pathogenic pathways. 2 AGEs have pathogenic importance in age-related chronic diseases 3, 4 due to contribution in promotion of oxidative stress, inflammation and apoptosis. 5 AGEs are also produced under oxidative stress conditions and involved in development of many metabolic diseases such as diabetes. 3, 4 Zinc is an essential nutritional factor which is involved in the growth and development of living beings. It works as co-factor in various enzymes and proteins and possesses antioxidant, anti-inflammatory and anti-apoptotic properties. 6, 7 Multiple evidence has indicated the protective effects of zinc against several chronic diseases such as diabetes. 8, 9 Numerous in vitro and animal model studies have demonstrated the anti-glycation impact of zinc. 10, 11 Despite the large number of important researches, zinc has not been applied as a therapeutic intervention in humans in part due to the fact that information on its anti-glycation effects has not been yet summarized. Therefore, the present study was undertaken to organize the effects of zinc on the formation of AGEs.
Summary
Advanced glycation end products (AGEs) are destructive compounds with pathogenic importance in age-related chronic diseases. Zinc has antioxidant, anti-inflammatory and anti-apoptotic potential. This study aimed to summarize effects of zinc on AGE formation and AGE-induced damaging agents. Pubmed, Google scholar, Web of Sciences, and Scopus databases were searched. There was no limitation for publication date. English language original articles (in vitro, experimental and human studies)
which examined the effect of external zinc on AGE formation, AGE-induced apoptosis, or oxidative stress in mammals were included. To review the effect of zinc on AGE generation, the search keywords were as follows: "zinc" in title and "AGEs" or "methylglyoxal" or "pentosidine" or "carboxymethyllysine" or "glucosylation" or "carbonyl stress" or "AGEs-induced apoptosis or oxidative stress or inflammation" in title/abstract. In total, 90 titles and abstracts were identified. Fifty-two studies were screened after duplicates were removed. Six articles were chosen for review following analysis of both titles and summaries. Finally, based on intensive critical appraisal, 5 articles were included in the study. The evidence presented indicates that zinc has antiglycation, anti-oxidative and anti-apoptotic effects. Zinc insufficiency may stimulate AGEs formation. Whereas, zinc supplementation could inhibit formation of AGEs, AGE-induced cell apoptosis and oxidative stress status, and protein carbonyl formation possibly through various signalling pathways.
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| SCREENING OF THE ARTICLES
In total, 90 titles and abstracts were identified by the search strategy (89 from databases and 1 by manual searching). Fifty-two studies were screened after duplicates removed. After critical analysis of title and summary of the articles, 6 articles were chosen for review. For assessment of eligibility of the articles and data extraction, we went through the article text, individually. One article was excluded due to not having a control group. Finally, 5 articles were included in the final analysis ( Figure 1 ).
| EFFECT OF ZINC SUPPLEMENTATION ON AGE GENERATION AND AGE-INDUCED COMPLICATIONS
Characteristics of the studies included in this systematic review have been presented in Table 1 . Evidences indicate that AGEs enhance reactive oxygen species (ROS) production and oxidative stress status and apoptosis, 12,13 whereas suppress antioxidant systems. There was no study to investigate direct effect of zinc deficiency on generation of AGEs. However, regarding the findings of above mentioned researches, it is concluded that deficiency of zinc may stimulate
AGEs formation through weakening of antioxidant defense and intensifying oxidative stress status.
| ZINC SUPPLEMENTATION MITIGATES FORMATION OF AGES PRECURSORS
As was mentioned earlier, increased oxidative stress and protein carbonyl provides favourable conditions for non-enzymatic glycations and AGE production. Evidence indicates that zinc protects cells via reversing the increase in protein carbonyl and free radical levels.
Characteristics of some of the research that has studied the effects of zinc supplementation on AGE precursors are presented in Table 3 .
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| POSSIBLE MECHANISTIC MODEL OF ZINC IN THE INHIBITION OF AGES PRECURSORS AND AGES' FORMATION
The inhibitory role of zinc on production of AGEs has not been investigated mechanistically in the searched studies for this review.
However, as shown in Figure 2 , according to evidence it is speculated that zinc inhibits formation of AGEs via mitigation of AGEs precursors levels through various pathways as follows:
| Metallothionein signalling pathway
Metallothioneins are proteins which contribute in an array of defensive stress responses and protect cells from exposure to oxidants. Zinc interacts with metallothionein and induces expression of glutathione peroxidase (GPx) which controls production of ROS. Poland 3 mg/kg Rats were fed with low zinc diets for 4 or 6 wks. Oxidative factors were measured in serum, hippocampus, and prefrontal cortex.
T A B L E 2 Effects of zinc deficiency on AGEs inducing conditions
Oxidative parameters were increased in the tissue of the zinc deficient animals.
AGEs, advanced glycation end products; RPE, retinal pigment epithelial. Mice were fed with ethanol-containing liquid diet for 12 wks, and the effect of zinc supplementation on ethanol-induced liver injury was assessed.
T A B L E 3 Effects of zinc supplementation on AGEs precursors
Zinc supplementation prevented ethanolinduced liver zinc reduction and accumulation of oxidative stress and protein carbobyls.
AGEs, advanced glycation end products.
F I G U R E 2 A simplified mechanistic model of zinc in inhibition of AGEs precursors' and AGEs' formation
| NADPH-oxidase signalling pathway
Nicotinamide adenine dinucleotide phosphate oxidase (NADPHoxidase) is a member of enzymes that are involved in production of ROS. It has been reported that zinc deficiency stimulates up regulation of NADPH-oxidase. 30 Besides, it has been suggested that zinc inhibits ROS production through prevention of the NADPH-oxidase activity. 
| Myeloperoxidase pathway
Myeloperoxidase (MPO) is a peroxidase enzyme that produces hypochlorous acid which subsequently leads to production of reactive carbonyls and finally to AGEs production. 31 Sacan et al 17 have indicated that zinc decreases MPO level and MPO-induced ROS generation.
| Xanthine oxidase pathway
Xanthine oxidase is an enzyme that is involved in generation of ROS.
Moreover, it has been shown that serum xanthine oxidase activity is directly associated with AGE levels. 32 Zinc has capacity to inhibit production of this enzyme. 
| Activation of antioxidant defense system
Zinc acts as a co-factor for the proper performance of the antioxidant enzymes. Zinc supplementation increases activation of antioxidant enzymes including GPx, catalase and glutathione, whereas reduces glutathione reductase, protein carbonyl, total oxidative stress and lipid peroxidation. 
| Alleviation of protein glycation
It has been reported that zinc administration before glycation of proteins is accompanied by intense inhibition of AGEs formation compared with zinc added after glycation. 10 Therefore, it appears that zinc inhibit AGE formation via inhibition of protein glycation. But the exact mechanism is not known yet.
| POSSIBLE MECHANISTIC MODEL OF ZINC IN THE INHIBITION OF AGE-INDUCED APOPTOSIS
Caspases are a group of protease enzymes which have vital roles in programmed cell death including apoptosis. As shown in Figure 3 , zinc prevents apoptosis through inhibition of caspases activation via various pathways as follows:
| Cytochrome c pathway
Cytochrome c is one of electron transport chain components in inner membrane of the mitochondria and is involved in initiation of apoptosis. Xiong et al 11 have shown that zinc protects cells against AGE-induced apoptosis via preventing of caspase-3 and caspase-9 activation and also by abolishing the release of cytochrome c from between the mitochondria and the cytosol.
| MAPK/ERK and PI3K/AKT signalling pathway
Activation of survival signalling pathways, mitogen-activated protein kinase/extracellular signal-regulated kinase and phosphoinositide 3-kinase/AKT signalling pathways, have been implicated to trigger anti-apoptotic signal transduction pathways and to inhibit caspase-3 formation/ activity and delay of apoptosis, through ERK and Akt. 33, 34 Treatment with zinc substantially up regulates the expression levels of p-ERK and p-AKT in AGE-treated cells and effectively protects the cells from AGE-induced apoptosis. 
| RAGE signalling pathway
Receptor for advanced glycation end products (RAGE) is a plasma membrane receptor which is related with enhanced AGEs production and apoptosis. It has been demonstrated that advanced oxidation protein products (AOPPs) interacts with RAGE and induces apoptosis. 35 Zinc administration reduces AOPP level and protects cells from apoptosis.
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F I G U R E 3 A simplified mechanistic model of zinc in inhibition of AGE-induced apoptosis
| LIMITATIONS AND FUTURE OUTLOOKS
Human and RCT studies were limited. There was only 1 human study that had assessed the effects of zinc on production of AGEs in relation to 2 different type of a genotype 36 with no control group, and which was not included in this study. More RCT studies are recommended to evaluate impact of zinc on production of AGEs.
Furthermore, studying of AGEs memberships including pentosidine, methylglyoxal, and carboxymethyllysine are suggested to take account for future studies. Mechanistic studies on anti-AGEs effects of zinc were also limited.
| CONCLUSION
Zinc has anti-glycation, anti-oxidative and anti-apoptotic effects.
Deficiency of zinc may stimulate AGEs formation through weakening of antioxidant defenses and intensifying oxidative stress status. Zinc supplementation could inhibit formation of AGEs, AGEs-induced cell apoptosis and/or oxidative stress status, and protein carbonyl formation. Zinc has potential to improve antioxidant system activity and cell viability.
